\\

7x~6’4f‘7z‘-57 B
3 PREPRINT

am Tk é 52’3 “f

| THE APO!.LO 15 X-RAY FLUORESCENCE
N EXPERIMENT

! ;o

MARCH 1972

z

\‘-.( 'A_»

" /
.2 (Access@ @ R) “}’"9” W ‘
. . ; V4 e\ g _ .
(NASA-TH-X-65834) THE APOLLO 15 X~EAY

. FLUORESCENCE EXPERIMENT I. Adler, et al

. (NASA) Mar. 1972 43 p CSCL 034

.A‘, ?,i
N72-2D7D7W '

) Onclas
63/30 213u2

B GODDARD SPACE FLIGHT CENTER

GREENDELT MARYLAND ‘
- ' o ?G”K%‘-"n”&ﬁ’AL TECHNICAL |

rtment of Commerce
us Dp':m fiel |d VA 22151

INFORMATION SERVICE \



X-641-72-57

THE APOLLO 15 X-RAY FLUORESCENCE EXPERIMENT

1. AdlerSt J. Trombkad J. Gerardf® R. Schmadebeck?
p. Lowman,a H. Blodget,° L. Yin,° E. Eller,° R. Lamo!:he,q

P. Corenstein, /P. Bjorkholm, B. Harris, and H. Gursky

b2

March 1972

9NASA Goddard Space Flight Center.
National Academy of Science.

€ American Science and Engineering.

l Principal-investigator.



PRECEDING PAGE BLANK NOT FILMED

ABSTRACT

The prime purpose of the X-ray fluorescence spectrometer carried in the
Scientific Instrument Module (SIM) of the Command-Service Module (CSM) was
to map the lunar surface with respect to its chemical composition. Results are
presented for Al, Mg, and Si as Al/Si and Mg/Si ratios for the various features
overflow by the spacecraft. The secondary purpose of the experiment was to -
make X-ray astronomical observations during transearth coast. The astondmical
observations consisted of relatively long periods of X-ray measurements of pre-
selected galactic sources such as Cygnus (Cyg X-1) and Scorpius (Sco X-1) and
of the galactic poles. The lunar surface measurements involved observations of
the intensity and characteristic energy distribution of the secondary or fluores-
cent X-rays produced by the interaction of solar X-rays with the lunar surface.
The results showed that the highlands and maria are chemically different, with
the highlands having considerably more Al and less Mg than the maria. The
mare-highland contact is quite sharp and puts a limit on the amount of horizontal
transport of material. The X-ray data suggests that the dominant rock type of
the lunar highlands is a plagioclase rich pyroxene bearing rock probably anortho-
sitic gabbro or feldspathic basalt. Thus the moon appears to have a widespread
differentiated crust (the highlands) systematically richer in Al and lower in Mg
than the maria. This crust is pre-mare and may represent the first major in-

ternal differentiation of the moon.
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INTRODUCTION

In the experiment being described, the production of characteristic x-rays
follows the interaction of solar X-rays with the lunar surface. The situation is
summarized in Figure 1. Tabulated within the figure are the absorption edge
energies E, which are required to ionize the atoms in the K shell, and E(Ka),
the energies of the resulting characteristic X-ray lines. To produce the charac-
teristic X~rays, an incident energy in excess of the binding energy of the elec-
trons is necessary.

The results of numerous calculations indicate that the solar X-ray spec-
trum, typical of the sun's active regions is energetically capable of producing
measureable amounts of characteristic X-rays from all the abundant elements
with atomic number 14(Si) or less. During brief periods of more intense solar
activity, excitation of higher atomic number elements will also occur.

The solar X-ray flux is known to vary on a time scale of minutes to hours.
Thus, in the final analysis of the data, such featuresAof the solar X-ray flux as
intensity aﬁd spectral distribution must be considered in detail.

The solar X-ray flux, observed with low-resolution instruments such as
proportional counters, decreases with increasing energy. If a strictly thermal
mechanism of production is assumed, variable coronal temperatures are found
to be somewhere between 10° to 10 7 °K. Such variations in temperature produce
changes in both flux and spectral composition.' In observing the lunar surface

changes must be expected not only in fluorescent intensities but in the relative
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intensities from the various elements being observed. For example, if the solar
spectrum hardens (larger fluxes of higher energies) or if there is an increase
in solar characteristic line intenéities on the high-energy side of the absorption
edge of the heavier element, an enhancement of the intensities frdm the heavier
elements relative to the lighter ones would be observed (see Figure 2).

An X-ray monitor was used to follow the possible variation in solar X-ray
intensity and spectral shape. In addition, detailed simultaneous measurements
of the solar X-ray spectrum were obtained in flight during the mission from the
various Explorer satellites that measure solar radiation.

An estimated representative solar X-ray spectrum based on Solrad data
taken during the flight period is shown in Figure 3. An attempt has been made
to fit the observations with two temperatures, one for the quiet corona and the
other for the more active regions. Superimposed on this curve along the energy
axis are the K shell absorption edges for Mg, Al, Si, P and S. Only the solar
X-rays with energies on the high side of the absorption edges are capable of
exciting those elements and to a degree depending on the incident flux and ioni-
zation cross sections. Therefore, under quiet sun conditions, the solar flux is
most suitable for exciting the light elements, including the major rock forming

elements Si, Al and Mg.

DESCRIPTION OF THE INSTRUMENTATION
The instrumentation which has been described in detail elsewhere (Adler
et al. (1972a)) will be only briefly described here.

3



168

IR

T

105

10"

2.0

7
1.5

1.0

vd

,A\ A ad A

N \ a 1 Pima N A AR~
YA \A/""" Wt AL e
0.5 '

REV. 68,

\'ﬂd\v"f\ﬁ\,*’

A———A
/

].OTM\‘_’H N

SOLAR FLUX

REV. 67—\

APPROX., START OF EVENT IN REV, 67

Al/Si INTENSITY RATIOS

QUIET SUN (Rev. 68)
a

- ACTIVE SUN (Rev. 67)

ﬂﬂvqp‘mp "

Mg /Sn INTENSITY RATIOS

R
|
: |
|
- TRANQUILITY
HAEMUS MTS : _—’: |=— FERTILITY —l| HIGHLANDS
| L |
L | [ l
| - i
I !
0.1 | | - l [ R l I | | I
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
LONGITUDE (East) - TIME

Figure 2. Al/Si and Mg/Si Intensity Ratios for Quiet and Active Sun Conditions



109 po
- ] I T | I T I .
Na K EDGE
08— —
= Mg K EDGE I
B Al KEDGE }
. Si K EDGE 7
— —
P KEDGE
S 107 —
=) — K EDGE -
< — 3
of
- | -
é - _
o0 - —
o
o .
(%]
I
-
oL — |
3
Ld -
<
> 6] —
g 10 = 3
O - .
w L —_
(7]
o~ — —
s L m ]
9]
3 FIT TO SOLRAD DATA W(TH ]
g 1.5 x 10-4 erg, cmzsec
3] ™ INI1-8A BAND -
4.4 x 1072 erg/cmzsec
°
105 |N8-20 A BAND —
[- COMBINED SPECTRUM OF ]
T 1.58 x 10°% °K with 7]
| fnezdv= 5.7 x 1049 _
6 (-] .
L+ 3.16 x 10° °K with _
fnezdv=4.8 x 10%8
104 g
- 7
103 i | | [ [ [ ]
0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0

ENERGY (kev)

Figure 3. An Estimate of a Typical Quiet Sun X-Ray Spectrum



The X-ray fluorescence and alpha particle experiment is shown in func-
tional configuration in Figure 4. The spectrometer consists of three main
subsystems.,

1. Three large area proportional counters that have state-of—the art energy

resolution and 0.0025 cm thick beryllium (Be) .windows.,

2. A set of large area filters for energy discr.imination among the charac-
teristic X-rays of Al, Si and Mg.

3. A data handling system for count accumulation, sorting into eight pulse-
height channels and finally, for relaying the data to the spacecraft
telemetry.

The X-ray detector assembly consists of three proportional counters and
two X-ray filters, mechanical collimators, an inflight calibration device, tem-
perature monitors, and associated electronics. The detector assembly senses
X~-rays emitted from the lunar surface and converts them to voltage pulses pro-
portional to their energies which are then processed in the X-ray processor as-
sembly. Provisions for inflight calibration are made by means of programmed
calibration sources, which, upon internal command, assume a position in front
- of the three detectors for calibration of gain, resolution and efficiency.

The three proportional counters are identical, each having an effective
window area of approximately 25 ecm 2, The window consists of 0.0025-cm-thick
Be. The proportional counters are filled to a pressure of 1 atm with the standard

P-10 mixture of 90 percent argon, 9.5 percent carbon dioxide, and 0.5 percent
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helium. To change the wavelength response, filters are mounted across the Be
window aperture on two of the proportional counters. The filters consist of a
Mg foil and an Al foil 5.08 X 10™% to 1.27 x 10~3 cm thick. The third counter
does not contain a filter. A single collimator assembly is used to define the
field of \_riew (FOV) of the three proportional counters as a single unit. The
collimator consists of multicellular baffles that combine a large sensitive area.
and high resolution but are restricted in FOV. The FOV determines the total
flux recorded from the lunar surface and the spatial resolution. The FOV is
specified as +30° full width, half maximum (FWHM), iﬁ two perpendicular
directioﬁs. The FWHM is the total angular width at which the collimator drops
to one-half 6f its .peak response. At the surface this translates into an instan-
taneous viewing area of 60 x 60 nautical miles at a spacecraft height of 60
nautical miles above the surface.

The inflight calibration device consists of a calibration rod with radioactive
sources (Mg and Mn K radiation) that normally face away from the proportional
counters. Upon internal command from the X-ray processor assembly, the rod
is rotated 180° by a solenoid driver, thereby positioning the sources to face the
proportional counters. Magnetically sensitive reed relays provide feedback
signals indicating when the rod is fully in the calibration mode or fully in the
noncalibration mode. These feedback signals are flag bits in the data telemetry
output. The calibration command signal is generatéd in the X-ray processor

" assembly. The calibration cycle repeats every 16 min and continues for 64 sec.



In order to see higher energy radiation, should the sun be more active than
anticipated, the bare detector (unfiltered) was programmed to operate in two
modes, a high gain (normal) mode covering from about 0.75-2.75 kev and an
alternate attenuated mode covering from 1.5-5.5 kev. During flight this detector
alternately operates for 6 hours in the normal mode and 2 hours in the attenuate
mode. The filtered detectors as well as the solar monitor continuously cover

the energy range from 0.75-2.75 kev.

ANALYTICAL METHODS FOR DATA REDUCTION

The geochemical data reported below involving the ratios of magnesium and
aluminum to silicon have been derived by an analysis of the pulse~height spectra
observed with the three detectors. The following assumptions were made: |

1. All three proportional counters have identical characteristics.

2. The detectors are 1009 efficient for the radiation transmitted through

the detector window.

3. All three detectors cover the same energy region (in the normal mode).
The intensity of X-rays observed in the three detectors are made up of the
characteristic lines of the Si, Al and Mg, the scattered solar flux and background
X-rays and high-energy radiation from various sources, galactic and otherwise.
The methods of data reduction used wére required to extract the characteristic
line intensities from the total flux. This is summed up in the following

expression:



3.6 kev
G, = IE) T,, (E) F, (E) ¢, (E) dE
.6 kev

where

G. is the total count in detector i where i = 1 is the bare detector,

i=2 is the detector with the Mg filter and i = 3 is the detector with the
Al filter.

Ty, (E) is the X-ray transmission efficiency of the detector window as a

window (Be) and thickness, this transmission is independent of the
detector.
F, (E) is the X-ray transmission efficiency of the filters as a function of
energy.
€. (E) 1is the detector efficieﬁcy as a function of energy after the X-rays
have been transmitted through the window. This iso reasonably as-
s‘umed as 100% for all the wavelengths in this energy range.
I (E) (as indicated above) consists of the characteristic lines, the scattered
radiation and general background.
The background intensity was determined from measures on the dark side
of the moon. The observations showed the background to be quite constant. Thus
corrections could be éimply made by subtracting these background values.
. The problem of scatter Was treated as follows: The scattered flux was
divided into three energy regions covering the ranges 0.6 to 1.36 kev, 1.36 - 1.61
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kev and 1.61 - 2.6 kev. Each interval was chosen to include the absorption

édges of Mg, Al and Si respectively. Because of the nature of the solar spectrum
the scattered flux in the region 1.36 - 2.6 is small compared to the fluorescence*
(see Figure 3).

In the low energy region from 0.6 to 1.3 kev, if one combines the solar
spectral distribution with the filtering effect of the Be window we get a trans-
mitted energy distribution which has an average energy of about 1.2 kev, very
close to the Mg Ko line. Thus one can consider the scattered energy in this
region as being essentially monoenergetic and use the appropriate mass absorp-
tion coefficient. As a consequence, the calculated flux of X-rays in this region
isa combmatién of scattered and fluorescent X-rays.

Thus the integral in equation (1) reduces to

3

G. = E I.TTEBEFR;,
1 J b )

j—_‘l

IjT is the total X-ray flux at energy j where j is respectively the energy for the

Mg, Al and Si K-lines, and where

T_t1C S
Ij _Ij +Ij

ch is the intensity of the characteristic line for energy j and IjS is the scattered

intensity for the energy J

*The Al Si concentrations are high and most of the exciting energy is involved in photoelectric
ionization.

11



T,%® is the transmissions of the Be window for the energy j. F. isa filter
factor for detector i and energy group j.

We thus have three simultaneous equations with three unknowns.

These equations can be solved by simple matrix inversion but we selected
a least square inversion method which automaticaﬂy calculates the statistical

variance and covariance, the standard error due to counting statistics and

the filters are not ideal.

Furthermore an attempt has been made to arrive at actual concentration
ratios for Al/Si. The approach to determining these concentrations is in part
theoretical and in part empirical. The theoretical calculations are based on the
assumption of a quiet sun and a coronai temperature of 4 x 10%°K. These con- '
ditions give an X-ray energy distribution consisting of both a continuum and
characteristic lines which is consistent with our solar monitor observations.
Using this distribution and various compositions of soils as determined from
the analysis of lunar samples we have been able to calculate a relatioﬁship be-
tween Al/Si and Mg/Si intensity ratios as a function of chemical concentration
ratios.

Empirically, we have used soil values from the Apollo 11 site at Tranquility
Base, Luna 16 values from Fecunditatis and Apollo 15 values from Palus Putre-

dinus to be ground truth values (see Table 1). With these values and the

12



theoretically calculated slopes we have been able to determine the values of Al/
Si concentrations and Mg/Si concentrations for various parts of the moon along

the various ground tracks.

OPERATION OF THE EXPERIMENT

The X-ray experiment began to function 84 hr into the flight, during the
third revolution around the Moon. From 84 to 102 hr ground elapsed time (GET),
the orbit was approximately 8 by 60 n. mi. After 102 hr, the orbit was circula'r—
ized and maintained at approximately 60 n. mi. until transearth coast. During
the orbital period, more than 100 hr of surface measurements were made. The
solar-monitor detector was used for simultaneous monitoring of solar X-ray
flux. Lunar-far-side data were recoraed on magnetic tape and telemetered on
the near side. The data from the experiment were displayed in almost real
time as numeric readout on a cathode ray tube monitor. The data were displayed
in the form of running sums for the eight energy channels for each of the four
detectors. The data obtained during the flight were used to plot compositional
maps while the CSM was still orbiting the moon. These quick look values were
for one minute integration intervals resulting in some degradation of spatial
resolution (there is a 3 degree longitudinal displacement along the ground track
due to the spacecraft motion). The prime data now being processed and reported
here will be on the basis of 24 second integration intervals and a one degree

surface displacement (60 x 80 sq. mile area).

13



As we have stated in the experiment description, the flux and ianergy distri-
bution of the solar X-rays were expected to have a significant effect on the in-
tensity of the fluorescent X-rays measured. This is very well demonstrated in.
Figure 2. Our solar monitor indicated increasing solar activity during part of
orbit 67 as well as 73. The intensities for part of orbit 67 are compared to
orbit 68 for the same longitudes (there was some small displacement of latitude).
Also shown in this figure are Al/Si and Mg/Si intensity ratios. It can be seen
that for the more active periods the Al/Si and Mg/Si ratios were depressed
relative to the more normal orbit 68. This is due to a hardened solar X-ray
spectrum which more efficiently excites the silicon relative to the aluminum
and magnesium. This observation points out the great importance of monitor-
ing the solar X-rays simultaneously with the surface X~rays. Figure 5 is a
plot of the integrated intensities registered by the solar monitor for the approxi-
mate period corresponding to the surface measurements. These values were
taken at tiie sub-solar point. Also shown are the corresponding surface measure-
ments. With the exception of such orbits as 67 and 73, the solar flux was fairly
stable, varying less than +30 percent of the mean value. This stability was
likewise reflected in the surface data, which indicate a relatively stable incident

flux as well as a stable spectral distribution. A

OBSERVATIONS
This report is based on the reduction of data recorded on the prime mission

tapes. There are thousands of data points based on twenty four second integration

14
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times. Most of the time we will be using intensity ratios rather than concentra-
tions for convenience sake, however these values just as effectively indicate im-
portant trends. The data presented here include Al/Si and Mg/Si relationships
to terrain and returned lunar samples. The X-ray experiment provided data
from that part of the lunar ground track illuminated by the sun. An examination
of the ground tracks from east to west indicates that the spacecraft passed over
such features as the craters Gagarin, Tsiolkovsky, the far side and eastern
limb highlands, the mare areas such as Smythii, Crisium, Fecunditatis, Tran-
quillitatis, Serenitatis, Imbrium and Oceanus Procellarum, and Haemus moun-
tains and the Apennines. The Al/Si intensity ratios varied by more than a factor
of 2 between the eastern limb highlands and the mare areas. The Mg/ Si intensity
ratios varied by about a factor of 2. The situation is clearly shown in Figure 6.
The part of the moon that was overflown has been divided into a number of areas
some representing distinct lunar features. The upper figures in each segment
are Al/Si and the lower figures are Mg/Si intensity ratios. These values are
averages, taken from a substantial number of ground tracks. The situation is
further detailed in Table 1. Where N is the number of individual data points
used to calculate the averages. The table further indicates the scatter of ob-
served values for each feature. Figures 7 and 8 show the Al/Si and Mg/Si in-
tensity ratios and concentration ratios for north and south tracks vs. longitude.
In addition the right hand side of the figures shows the Al/Si and Mg/Si concen-

tration ratios of selected lunar samples for reference.
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The following observations can be drawn:

1. The Al/Si intensity values are lowest over the mare areas and highest
over the non-mare areas. The extremes vary from about 0.63 in Im-
brium to 1.45 near Gagarin. The Mg/Si ratios tend to be lowest in the
highlands and highest in the Mare areas. The Mg/Si intensity ratios
vary from about 0.69 at Gagarian to about 1.4 in Palus Putredinus.

2. The Al/Si values for the Apennines and Haemus mountains is about 0.9,
intermediate between Imbrium and the eastern limb highlands. On the
other side of the Apennine mountains in the Archimedes Rille area, the
observed values is about 0.70,

3. An examination of the Al/Si coordinate plot shows that the values tend
to increase from the western mare areas to the eastern limb highlands.

An interesting correlation has been observed between Al/Si ratios and op-

tical albedo values as is shown in Figures 9 and 10. Generally, _higher Al/si
ratios correspond to higher albedo values. There are occasional deviations
from this relationship caused by surface features. The composition of areas
with different albedos can be inferred by using the X-ray data. It is possible,
for example, to state whether albedo variations are related to chemical differ-

ences or to the nature and, perhaps, age of a given feature.

GEOLOGIC INTERPRETATION
The x-ray data provide considerable insight to the moon's geology, when

viewed in the context of returned sample analysis and the other orbital science
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experiments. The following interpretations are considerably more specific than
those previously published (Adler et al, (1972/33. However, they are still subject
to revision; it should be stressed that although a wide range of lunar terrain
was covered, the area for which we have data is less than 15% of the moon's
total surface.

The most general conclusion from the measured x-ray intensities and
shown above is that the highlands and maria are chemically different, with the
highlands having considerably more aluminum and less magnesium than the
maria. These differences, and the sharpness of the mare/highland contact shown
by changes in x-ray intensity, argue against the theory that the maria are es-
sentially dust eroded from the highlands (Gold (1966)) and electrostatically trans-
ported horizontally to low spots. Such a process would tend to obliterate original
chemical contacts, and there is no obvious reason why it should produce chemical
differentiation between highlands and maria. Further evidence against the dust
theory in which the supposed absence of far-side mare material is explained by
the fact that the far side is shielded from the earth's magnetic tail, (Gold (1972))
is provided by the evidence for a mare-like composition of the dark material in
the floor of Tsiolkovsky. The relative freshness of the surrounding ejecta blanket |
indicates that this crater is probably Eratosthenian in age, and probably formed
after the moon's rotation became locked; thus it can not be argued that the far

side was exposed to the earth's magnetic tail when Tsiolkovsky was filled.

23



Gz #1940 o4 Bujpuodsaiio) op1) punois) ayy Buojp sopaq|y [p21idO of paspdwo)) soiypy Apisuaguj 4 aunbiy

3ANLIONOT
0L 09 05 Oy 0 02 01 0 0T 0 o0 Ov 0§

00’1l
o1t
0c'l
0l
(A

. ( | H3LVHD .
U IdAL NYDINY3IJOD 1081
409'1

ost'f dos
dog'1
do6'1
¢l Ay 0q3g AV o—

IS/Iy o——o

IS/1V
24



2L H1910 o4 Bulpuodsaiio) 3opi] puncig ay; Buojp sopaq|y |podQO o4 paipdwo)) solyoy Ayisusyu) ‘g 21nbiy

OQ3gy “ay

0s

3aNLTIONOY
¥e 0e

9%

44 8l

ol

080°0

060°0

00t°0

oLL"0

ocL'or

oELor-

ovio-

U 0) oy

o9l o

IS/IV ¥+ —%
0Q3IgIV 'AV e~ —— -

\ /

\ oo
Ny
®

SN100¥d §¢ 1180

NOILISNYL
ANVIHOIH/IAYW

SILVIINI¥IS “W
ONIdIAIQ
AVYE 19¥V1

IA

|

0/1°0

00€°0

005°0

00470

006°0

ooL°1

00E"1

005°1

00£°1L

006"t

000°2

1s/6w 1S/1v

25



A number of specific conclusions can be drawn about the composition of the
lunar highlands. First, the x-ray intensity ratios, when reduced to composition
ratios, suggest that the highland crust is broadly similar over very large areas.
There are regional gradients apparent within the highlands; in particular, the
near side highlands are somewhat lower in aluminum and higher in magnesium
than those of the far side. This can be explained by at least two phenomena.
First, there has undoubtedly been some ballistic transport of mare material
into the near side highlands. Second, there are many small patches of mare
material, mapped as Imbrium or Eratosthenian mare by Wilhelm and McCauley
(1971), in the front side highlands along the flight path.

The higher proportion of aluminum in the highlands is probably due largely
to a greater proportion of plagioclase. This conclusion is based on correlative
data from other orbital experiments and from examination of thin sections of
samples from Apolio 14 and 15, The gamma ray spectroscopy experiment shows
that there is far too little *°K in the highlards for the aluminum fo be accounted
for by alkali feldspar. Plagioclase, on the other hand, is abundant in most
breccia samples from the Apennine Front and the Apollo 14 landing side, and
widespread though scarce in the mare regolith. The higher albedo of the high-
lands appears to correlate well with aluminum content (Figures 9 and 10). The
television pictures from Surveyor VII by Shoemaker et al. (1968) aiso showed
several blocks on the north slope of Tycho that were originally interpreted as

feldspar. Taken together, these several lines of evidence strongly indicate
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plagioclase-rich highlands. However, the composition can not be due only to
enrichment in plagioclase, relative to the mare rocks, at the expense of other
minerals, because the magnesium content does not go down as aluminum content
goes up. Petrologically, this suggests that the highlands were not formed by
simple crystal fractionation of a basaltic magma whose residue was later
erupted to form the maria (Wood et al. (1970)).

The question of what specific rock types comprise the highlands can not be
answered fully at this time, but some inferences can be drawn. First, it is clear
that the highlands are not dominantly anorthosite. This is shown by Table 1; the
Al/Si ratio of the highlands are too low and the Mg/Si ratio too high. There are,
of course, almost certainly local concentrations of anorthosite, such as that
from which sample 15415 came; (Hollister et al. (1972)) suggest that this rock
was formed by crystal fractionation of a gabbroic anorthosite magma, The re-
lation if KREEP to the lunar highlands is still not clear. The Al/Si ratio of
KREEP is not as high as that of most parts of the highlands (Figures 7 and 8).
However, it does come close to that measured over the Apennine Mountains,
which is of considerable interest in view of Myer's (1972) suggestion that the
lower part of the highland crust (presumably exposed in the Apennines) is
KREEP. Further speculation seems unwarranted until more highland samples
are available.

When viewed with all other available information (summarized by Lowman

(1972)), the x-ray data suggest that the dominant rock type of the lunar highlands
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is a plagioclase-rich pyroxene-bearing rock, probably anorthositic gabbro or
feldspathic basalt. Local occurrences of anorthosite are probable; small areas
of granitic (in a chemical sense) rocky may also occur. KREEP, as previously
noted, may be significant constituent.

Turning to the maria, we see that the refined x-ray data do not support
our earlier conclusion (Adler et al. 1972b) that there are systematic chemical
differences between the irregular and circular maria. This does not invalidate
Soderblom's (1971) work, but simply suggests that the differences, if real, are
not such as can be detected by the S-161 experiment.

The Al/Si ratios of the maria as calculated from the x-ray intensities ap-
pear systematically higher and the Mg/Si ratios lower, than those of analyzed
mare basalts. This effect is probably due to the fact that the x-ray fluoresence
experiment is essentially a surface analyzer; it sees chiefly soils, and these have
been shown to contain a substantial foreign component, perhaps from the high-
lands. Schnetzler, et al (1972), for example, show that soil 15531 could be formed
by 88% 15555 basalt, 6% KREEP, and 6% plagioclase.

In summary, the main geologic conclusion from the S-161 experiment is that
the moon appears to have a widespread differentiated crust (the highlands)
systematically richer in aluminum and poorer in magnesium than the maria.

The major rock type is probably chemically equivalent to anorthositic gabbro,
with local areas of anorthosite and possibly KREEP and granitic rocks. This
crust is pre-mare, probably between 4 and 4.6 billion years old. Its formation

may represent the first major internal differentiation of the moon.
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Table 1

Intensity Ratios and Corresponding Concentration Ratios of Al/Si and

Mg/Si for the Various Features Overflown During the Apollo 15

Remote Sensing Geochemical Mapping Experiment

Intensity Ratios Concentration Ratios
Feature N*

Al/Sizlo |Mg/Sizls Al/Sixlo |[Mg/Sizlc
W. of Diophantus and Delisle, NE
of Schroters Valley 0.63+0.2810.96+0.28/ 15)0.260.13] 0.21+0.06
Mare Serenitatis 0.68+0.16|1.12+0.31|217|0.28=+0.08| 0.21+0.06
Diophantus and Delisle Area 0.69+0.20(1.16%0.35] 15/0.29+0.10; 0.26+0.07
Archimedes Rille Area 0.69+0.16]0.86+0.22(106)0.290.08/ 0.19+0.05
Mare Imbrium 0.71+0.21{0.95+0.28{159¢{0.30+0.10} 0.21+0.06
Mare Tranquillitatis 0.81+0.13]1.15+0.21|170|0.34+0.06| 0.25+0.04
Mare E.of Littrow (Maraldi) 0.83+0.16{0.99+0.21} 29]0.35+0.08} 0.22::0.04
Palus Putredinus 0.83+0.18(1.37+0.16| 8|0.35%0.09| 0.30+0.03
Mare Fecunditatis 0.84+0.12}1,13%0.171010.36+0.06{ 0.25::0.03
Apennine Mts. 0.84+0.18/1.06+0.22} 55{0.36+0.09| 0.23+0.05
Haemus Mts., W. Border of
Serenitatis 0.89+0.21}1.12+0.22] 49{0.38+0.10| 0.25+0.05
Mare Crisium 0.90+0,16|1.19£0.25{ 43]/0.39+0.08 .0.2610.05
Tsiolkovsky 0.90+0.24{0.78+0.09] 7!0.39+0.11| 0.18+0.02
Haemus Mts., S+SW of
Serenitatis 0.94+0.15{1.16 £0.20{ 53]|0.40+0.07} 0.26+0.04
Littrow Area 0.98+0.2211.13+0.30| 51{0.42+0.10| 6.25+0.06
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Table 1 (continued)

Intensity Ratios Concentration Ratios
Feature N*

Al/Sixlo | Mg/Si+lo Al/Sixlo |Mg/Silo
Mare Smythii 1.04+0.13]1.22+0.27| 30{0.45+0.06| 0.27+0.06
Taruntius Area, between
Tranquillitatis and
Fecunditatis 1.06+0.14|1.17£0.14}| 45/0.45+0.07] 0.26+0.02
Langrenus Area, E. of
Fecunditatis to 62.5°E 1.10+0.24|1.07+0.27| 37| 0.48+0.11| 0.24+0.06
Highlands between Crisium +
Smythii (Mare Spumans and
Mare Undarum Area) 1.17+0.13(0.99+0.22} 53{0.51+0.06| 0.22+0.05
Highlands E. of Fecunditatis,
Kapteyn Area 68-73°E
7.5-15°8 1.17+£0.21}0.98+0.22| 52|0.51+0.10] 0.22+0.05
Highlands W. of Crisium 1.17+0.20|1.05+0.25| 80| 0.51+0.10{ 0.23+0.05
Highlands E. of Fecunditatis
62.5-68°E, 4-12.5°S 1.18+0.20|0.98+0.26 | 51]0.52+0.10] 0.22+0.05
W. border of Smythii to 4~5°
out from Rim 1.19+£0.13|0.97+0.16 | 43{0.52+0.06| 0.22+0.03
S. of Crisium, Apollonius Area,
to Fecunditatis, 50~60°E 1.20+0.13{1.04+0.13| 42} 0.53+0.06{ 0.23+0.03
E. border of Crisium out to
6° from Rim 1.22+0.190,99+0.19| 44| 0.54+0.09] 0.22+0.04
‘Tsiolkovsky - Rim 1.23+0.25{0.70+0.09| 7|0.54+0.12| 0.16:+0.02
Highlands between Crisium
and Smythii, 2.5°S 69°E, 5°S
76°E, 12°N 80°E, 10°N 83°E. 1.24+0.13}0.99+0,17 | 48] 0.55+0.06| 0.22+0.03
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Table 1 (continued)

Intensity Ratios Concentration Ratios
Feature N*

Al/Si+lo |Mg/Si+lo Al/Sitlc |Mg/Sizlo
Highlands W. of Tsiolkovsky,
110-124°E to 9-21°S 1.29+0.23{0.85+0.19| 89]0.57+0,11| 0.19+0.04
Highland E. of Fecunditatis
73-85°E, 10-19°S 1.30+0.28|0.95+0.24| 70|0.58+0.13| 0.21+0.05
S and SW of Sklodowska,
86-101°E, 18~-23°S 1.33+0.2910.86+0.33| 59{0.59+0.14|0.19+0.07
Pirquet, 135-145°E, 18-23°S 1.33+0.32|0.72+0.23| 46|0.59+0.15{ 0.16+0.05
E. border of Smythii, out
to4-5° 1.3440.20(0.92+0,17| 37|{0.60+0.10{ 0.21+0.03
Pasteur Hilbert Highlands
area 101.5-110°E, 7-18°S 1.35+£0.21{0.79+0.21| 48/0.60+0.10; 0.18+0.04
Hirayama, highlands E. of
Smithyii, 89°E 12°S, 100°E
15°S, 98°E 2°S, 103°E 5°S 1.39+0.15{0.86+0.18{ 63{0.62+0.07| 0.19+0.04
Highlands around Tsiolkovsky 1.40%£0.26]|0.71+0.30{ 3970.62+0.12} 0.15+0.06
S. Part of Gagarin, 144-153°E,
21~23°S 1.45+0.50} 0.69+0.22| 22{0.65+0.24{ 0,14+0.05

Al/Si and Mg/Si Concentration Ratios of Selected Lunar Samples

Apollo 12, Oceanus Procell-
arum Average of Type AB
Rocks (a)

Apollo 15, Hadley Apennines
Average of Rocks (b)

Apollo 12, Oceanus Procell-
arum, Type B Rocks,
Average (a)
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Table 1 (continued)

Intensity Ratios Concentration Ratios
Feature N* -
Al/Sixlc| Mg/Si+lo Al/Sixlo| Mg/Sitlo
Apollo II, Mare Tranquilli-
tatis, High K Rocks -
Average (c) 0.23 0.24
Apollo 12, Oceanus Procel-
larium, Type A Rocks -
Average (a) 0.24 0.31
Rock 12013 (a) 0.24-0.30( 0.20
Apollo II, Mare Tranquilli-
tatis, Average of low K Rocks
(c) 0.29 0.23
Dark of Rock 12013 (d,e,f) 0.33 0.22
Apollo 12, Oceanus Procel-
lartum Average of Soils (a) 0.33 0.29
Surveyor VI, Sinus Medii,
Regolith (g, h) 0.34 0.20
Apollo 15, Hadley-Apennines,
Soils (b) 0.34 0.30
Surveyor V, Mare Trang.
Regolith (i,h) 0.35 -
Luna 16, Mare Fedunditatis,
Rocks (j) 0.35 0.21
Apollo 11, Mare Tranquilli~
tatis, Bulk Soils Average (c) 0.37 0.24
Apollo 14, Fra Mauro, Aver-
age of Rocks (k) 0.38 0.26
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Table 1 (continued)

Intensity Ratios Concentration Ratios
Feature N*
Al/Si+ls| Mg/Sixlo Al/Si+lo| Mg/Si+lo

Kreep Average (d,e,f) 0.39 0.21
Apollo 14, Fra Mauro, Soils (k) 0.41 0.26
Norite Material, Average (l,m) 0.42 0.20
Luna 16, Mare Fecunditatis,
Bulk Soils (j) 0.42 0.27
Surveyor VII, Rim of Tycho,
Regolith (n,h) 0.55 0.20
Anorthositic Gabbros, Apollo 0.64 0.21
11 and 12 (1,m) : :
Rock 15418, Apollo 15,Gabbroic 0.67 0.1
Anorthosite {b) : 19
Gabbroic Anorthosites, Apollo
11 and 12 (I,m) 0.82 0.074
Anorthosites, Apollo 11 and 12

0.89 0.038
(1,m)
Rock 15415, Apollo 15, Anor- 1 0
thosite Genesis Rock (b) 0.9 -003

N* is the number of individual data points used to determine the average Al/Si and Mg/Si values
#1 standard deviation and was obtained from the various passes over each feature.
%Proceedings of the Second Lunar Science Conference (1971)

b SPET (1972)

®Proceedings of the Apollo 11 Lunar Science Conference (1970)

dMcKay et al. (1971)
®Meyer et al. (1971q)
fMeyer et al.{1971b)
9Turekevich et al. (1968a)
hMoson and Melson (1970)
'"Turekevich et al. (1967)
IVinogradou (1971)

kg SPET (1971)

LWood et al. (1971)
MMarvin et al. (1971)
NTyrkevich et al. (1968b)
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